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Abstract 
Nuclear power plant piping may be submitted to High Cycle Thermal Fatigue phenomenon in mixing zones. French nuclear 
engineers have at their disposal a simplified approach for assessing the sensibility of the areas with regard to this kind of damage. 
The engineering tools are quite complex since they involve multi-disciplinary physic phenomena: thermal-hydraulics, mechanics 
and materials. The results are only qualitative and globally conservative, and this method is only used to identify and to classify 
the mixing zones which could present a risk. In this framework, this paper proposes to perform a more realistic application of this 
engineering method on the particular case of the FATHER experiment. The idea is to compare the numerical prediction results 
with the expertises performed on the FATHER mock-up. Some generic engineering issues raised by nuclear fatigue analyses are 
here illustrated by the sensitivity analyses which have been performed. The determination of the fatigue loading and the choice of 
the material criterion are particularly discussed since they are very significant parameters in the analysis. 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of CETIM, Direction de l'Agence de Programme. 
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1. Introduction 
As already described in Reference [1], nuclear power plant piping may be submitted to time-history temperature 
fluctuations coupled with space fluctuations in mixing zones. This High Cycle Thermal Fatigue (HCTF) 
phenomenon occurs in pipes where flows at different temperatures and flow rate ratios mix in a turbulent manner. 
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Local or global temperature fields resulting from this turbulent mixing lead to stresses that may cause fatigue 
damages. For instance, in May 1998, a leak (30m3/h) occurred in the Residual Heat Removal System (RHRS) of the 
Civaux 1 French power plant (PWR type N4, 1400 MWe) where a 180 mm through-wall crack was found in a 304L 
austenitic stainless steel elbow [2]. 
For treating this particularly complex topic involving multi-disciplinary physic phenomena (thermal-hydraulics, 
mechanics and materials), French nuclear engineers have at their disposal a simplified approach whose objective is 
to assess the sensibility of the mixing zones with regard to HCTF [3]. It is based on a thermo-mechanical calculation 
of temperature and stress in the pipe thickness and takes into account several simplified assumptions in terms of 
thermal-hydraulic loading, heat exchange coefficient, plasticity phenomena, cycle counting method and cumulative 
damage law, and fatigue curves. The results are only qualitative and globally conservative, and this method is only 
used to identify and to classify the mixing zones which could present a risk. 
The Reference [3] already presented a first attempt to perform a more realistic application of this engineering 
method on the particular case of the HCTF FATHER experiment [4]. This test campaign has been carried out in 
collaboration with AREVA, CEA and EDF. This mock-up is a representative mixing tee with a difference of 
temperatures between hot and cold legs of 160°C, with several surface finishes and welds. 
This paper proposes to present some sensitivity analyses close to the results of the Reference [3]. The idea is 
finally to compare the numerical prediction results with the expertises performed on the FATHER mock-up which 
has identified the location and the depth of the HCTF cracks. In this paper, the FATHER experiment and the 
engineering approach are first reminded. Then each methodological step is treated and some generic engineering 
issues raised by nuclear fatigue analyses are illustrated by the sensitivity analyses which have been performed. 
2. The FATHER experiment and the engineering method 
2.1. The FATHER experiment 
The FATHER program, deeply detailed in Reference [4], is an experimental study on a mock-up representative 
of a mixing tee found in nuclear power plants (RHRS new configuration type) in AISI 304L austenitic stainless 
steel. The geometry of the mock-up is an equal 6’’ T-junction (see Figure 1) whose thickness is about 7 mm in the 
branches and about 20 mm in the T-junction. The outlet branch is divided in 3 parts of 300 mm length welded 
together. The first two straight pipes are composed of 5 rings with different surface finishes. In order to easily locate 
them on a mock-up, the different rings are numbered from C11 to C15 and from C21 to C25 and the welds are 
identified by S1, S2 and S3. Rings C11, C14, C21 and C24 have a polished surface finish. Rings C13, C23 and C31 
are as-machined. Rings C12 and C22 have a finely ground surface finish and rings C15 and C25 a roughly ground 
surface finish. 
COLD 
HOT 
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Fig. 1. Description of the FATHER mock-up. 
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Tests were performed with a difference of temperature of 160°C (difference between hot and cold branches) and 
a high flow rate ratio (20%) for the endurance test of 300h. A lot of data of the fluid and solid temperatures are also 
available from the analytical thermal-hydraulic tests. Non Destructive Testing and metallographic examinations 
highlight about 50 cracks in the FATHER mock-up, with depths varying from 100 to 1000 μm [4]. The plates cut 
from the mock-up and analyzed are located in an azimuthal zone around -40° and 40° where indications were found 
from several non destructive examinations. This study permitted to conclude that cracks initiate principally in non-
flushed welds and in ground surface finish zones: cracks were located in welds S1 (non-flushed), S2 (non-flushed 
part) and S3 (non-flushed part) and in rings C12, C22, C15 and C25 (finely and roughly ground surface finishes). 
No crack has been found in the polished zones (even in the welds which were flushed and polished). 
2.2. The engineering method strictly applied on the FATHER experiment 
The engineering method has been already described in Reference [3]. Its objective is to identify and classify 
zones which could present a HCTF risk. The main steps are: 
x To treat the fatigue loading by selecting a time-history temperature signal in a series of mock-up measurements 
and calculating a heat transfer coefficient with conservative considerations, 
x To determine the structural response with some assumptions on plasticity phenomena, cycle counting method and 
cumulative damage law, 
x To position the mechanical result with regards to a material criterion given by a fatigue design curve. 
In Reference [3], the FATHER experiment has been analyzed with a strict application of the engineering method. 
A conservative signal has been used as thermal-hydraulic input data. The heat coefficient transfer has been 
calculated by the Colburn’s correlation (multiplied by 2) with the FATHER data. The endurance test was done with 
a 'T of 160°C, the signal was then adapted to this amplitude of temperature and a critical time dilatation was 
searched in order to minimize the initiation time calculated by the simplified method. The lowest predicted crack 
initiation time was 18h, this demonstrating the over-conservatism of a strict application of the engineering method 
since the ratio between the operating time (300h) and the predicted crack initiation time is then about 17. 
Now, as previously described in the main steps of the engineering method, fatigue loading, structural response 
and material criterion are clearly the main key points of generic nuclear fatigue analyses [5]. This paper proposes to 
present some sensitivity analyses performed on the FATHER case to clearly illustrate some generic engineering 
issues raised in this framework. As in Reference [3], the idea will be finally to compare the numerical prediction 
results with the expertises performed on the FATHER mock-up. 
3. Definition of the fatigue loading 
3.1. Treatment of the time history temperature signals measured on the FATHER mock-up 
Reference [3] proposed a first attempt to perform a more realistic application of the engineering method on the 
FATHER case. The main new assumption was to consider the time-history temperature signals measured on the 
FATHER mock-up and not the usual conservative one for the RHRS configuration. The impact was significant since 
the lowest predicted crack initiation time became 106h (instead of 18h). This result was obtained for the treatment of 
the non-flushed S2 weld. Note that this location is also the one always giving the lowest crack initiation times in all 
sensitivity analyses of this paper. So this piece of information will not be systematically reminded later. 
Now, this result was obtained by considering other assumptions of the engineering method which may be 
reviewed. The first ones concern the treatment of the temperature signals in terms of sampling frequency and critical 
time dilatation. The engineering method recommends considering a sampling frequency of 200Hz. For the FATHER 
case, this treatment does not change the measured temperature signals whose sampling frequency is 50Hz but 
enables to have more detailed time history evolutions. Finally, a “smoother” stress evolution is calculated on the 
inner wall and stress amplitudes are reduced. 
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Table 1 illustrates that this assumption on the sampling frequency has an influence close to 40% on the lowest 
predicted crack initiation time of the FATHER case. By considering another recommendation of the engineering 
method which is to perform a critical time dilatation of the signal to minimize the crack initiation time, one obtains 
67h with the sampling frequency of the test (50Hz) and 108h with the recommended parameter (200Hz). Note here a 
very minor difference with the result of the Reference [3] (106h vs. 108h) which allows validating these new 
sensitivity analyses. 
The assumption of the critical time dilatation may also be reviewed here since the signals which are used come 
from direct measurements on the FATHER mock-up. No conservative but realistic conditions have to be considered 
to compare predicted numerical results with the damage expertise. Table 1 also illustrates the critical time dilatation 
effect which is close to 40% on the lowest predicted crack initiation time. For the recommended 200Hz sampling 
frequency, one obtains 108h with the critical time dilatation and 154h without this assumption. 
Table 1. Sampling frequency and critical time dilatation effects on the lowest predicted crack initiation time. 
Sampling frequency 
Crack initiation time 
With critical time dilatation Without critical time dilatation 
50Hz 67h 93h 
200Hz 108h 154h 
 
A last comment deals with the fluid signals which have to be corrected to take into account the time response of 
the sensor. Basic assumptions were made in Reference [3] and also used for present sensitivity analyses. But 
optimized choices will be also considered, and mentioned if needed, in this paper. In fact, thermal hydraulics 
analyses have concluded to the possibility to have local flow velocities lower than the macroscopic one. The time 
response of the sensor may be so higher and this may contribute to have more damaging fluid signals than those of 
Reference [3]. Note that the lowest predicted crack initiation time of the FATHER case comes from a fluid signal 
impacted by this point. The impact of this assumption will be discussed later. 
3.2. Modeling the heat transfers in the FATHER experiment 
A major assumption of the engineering method deals with the choice of the heat transfer coefficient H for 
determining the time-history temperature evolution on the inner wall based on the time-history fluid signals 
measured on the FATHER mock-up. 
In Reference [3], a strict application of the engineering method was made on this point and an H coefficient of 
about 36 000 W/m2/K was considered (twice the Colburn’s correlation). Figure 2 illustrates, from a basic point of 
view, the significant impact of this parameter on the predicted crack initiation times of the engineering method. 
Roughly, the final result may be here divided by 3 when the H coefficient is multiplied by 2. For the FATHER 
experiment, analyses concluded that realistic H coefficients can be lower than twice the Colburn’s correlation. A 
multiplication factor of 1.5 has been so considered to obtain the results of Table 2 corresponding to the lowest 
predicted crack initiation time of the FATHER case. Note that no critical time dilatation and modification of the test 
sampling frequency was considered in this case. 
This optimization of the heat transfer coefficient has been coupled with the one concerning the time response of 
the sensor. No individual sensitivity analysis is available for the moment. However, one can observe that the 
modification on the H parameter is more significant than the one on the signal. As previously reported, the 
optimization of the time response of the sensor leads to consider a more damaging signal but the predicted crack 
initiation time (183h) is twice the one obtained with the parameter of the Reference [3] because reducing the heat 
transfer coefficient from twice the Colburn’s correlation to 1.5 times the Colburn’s correlation has a more 
significant effect. 
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Fig. 2. Heat transfer coefficient effect on crack initiation times. 
Table 2. Impact of the heat transfer coefficient and of the time response of the sensor on the lowest predicted 
crack initiation time of the FATHER case. 
Time response 
of the sensor 
Crack initiation time 
With H equal to twice 
the Colburn’s correlation 
With H equal to 1.5 times 
the Colburn’s correlation 
As Reference [3] 61h - 
Present optimization - 183h 
 
Another point is the way to model heat transfers. Reference [3] decided to use an analytical 1D model [6]. In the 
present analyses, 2D axisymmetric Finite Element (FE) computations were post-treated to obtain the structural 
response on the inner wall to a given fluid signal. Results of Table 2 have been obtained via this 2D model. The 
effects of this assumption are illustrated on Table 3 for the lowest predicted crack initiation time of the FATHER 
case. The results are given for both 50Hz and 200Hz sampling frequencies, and with or without the critical time 
dilatation. Here the H parameter is equal to twice the Colburn’s correlation and the time response of the sensor is the 
basic one from Reference [3]. The consequence of this new assumption is a reduction from 20% to 40% of the crack 
initiation times. 
Note that the first line of results corresponds to Table 1 related to the sampling frequency and critical time 
dilatation effects, and that, in the second line of results, the crack initiation time of 61h is the case already presented 
in Table 2. 
Table 3. Impact of the heat transfer model on the lowest predicted crack initiation time of the FATHER case. 
Heat transfer model 
Crack initiation time 
With a critical time dilatation Without critical time dilatation 
With a 50Hz 
sampling frequency 
With a 200Hz 
sampling frequency 
With a 50Hz 
sampling frequency 
With a 200Hz 
sampling frequency 
As Reference [3] 67h 108h 93h 154h 
Present paper 39h 72h 61h 118h 
245 Stéphan Courtin /  Procedia Engineering  66 ( 2013 )  240 – 249 
3.3. Synthesis on the fatigue loading 
As already reported in [3], the thermal-hydraulic input data of the engineering method are significant parameters 
for final damage results. The crack initiation time of 18h strictly predicted is mainly due to a very conservative time 
history temperature signal. Trying to perform more realistic analyses, with signals measured on the FATHER mock-
up, requires to review a variety of assumptions whose impact is summed up in Table 4. Finally, by optimizing these 
parameters, crack initiation times closer to the operating time (300h) of the FATHER experiment can be obtained. 
Table 4. Synthesis of the impact of the various parameters related to the fatigue loading for the FATHER case. 
Parameter Impact Rough quantitative assessment on the crack initiation time 
Considering an envelop time history temperature signal Extremely high Reduction of 600% 
Reducing the heat transfer coefficient Very high Increase of 300% 
Using a sampling frequency of 200Hz Significant Increase of 40% 
Searching a critical dilatation time Significant Reduction of 40% 
Considering a 2D FE heat transfer model Significant Reduction of 30% 
Increasing the time response of the sensor Low Reduction of few % 
4. Determination of the structural response 
After the definition of the fatigue loading, the next step of the engineering method is to determine the structural 
response in terms of strain and stress. References [3] and [6] already presented the detailed features of the approach 
and the present sensitivity analyses will mainly focus on the cycle counting methods. Other specifications of the 
engineering method may be questionable, they will be listed later. 
Analyzing cycle counting methods is closely linked to the choice of the cumulative damage law. In our case, the 
Miner linear law is considered since it is the usual industrial practice. Rainflow Counting (RC) is the cycle counting 
approach recommended in the engineering method and other approaches of the literature have been also considered: 
Level-Crossing Counting (LCC), Peak Counting (PC) and Simple Range Counting (SRC). 
Figure 3 illustrates the sensitivity analyses performed on the signal giving the lowest predicted crack initiation 
time of the FATHER case. This figure shows the number of cycles counted for a given stress amplitude level 
according to the various methods. 
 
 
Fig. 3. Various cycle counting methods applied on the signal giving the lowest predicted crack initiation time of the FATHER case. 
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The following conclusions can be drawn: 
x SRC identifies a lot of “low stress amplitude” cycles (<75 MPa) but few “high stress amplitude” cycles 
(>150 MPa) and no stress amplitude cycle higher than 200 MPa whereas the other methods give stress amplitude 
cycles until about 250 MPa. 
x RC identifies more “low stress amplitude” cycles (<75 MPa) than LCC and PC, but less “intermediate stress 
amplitude” (between 75 MPa and 150 MPa) and “high stress amplitude” (>150 MPa) cycles. 
x LCC and PC are quite similar, except in the domain of the “low stress amplitude” cycles (<75 MPa). 
The results related to the lowest predicted crack initiation time are given in Table 5. This analysis has been 
performed with the optimizations of the heat transfer coefficient and of the time response of the sensor. That is why 
the crack initiation time of 183h obtained with the RC is the case already presented in Table 2. 
Table 5. Impact of the cycle counting method on the lowest predicted crack initiation time. 
Cycle counting method Crack initiation time 
Rainflow Counting 183h 
Level-Crossing Counting 120h 
Peak Counting 113h 
Simple Range Counting 499h 
 
The results of Table 5 were expected and are relevant with the comments on Figure 4. LCC and PC methods give 
quite similar results. The lowest crack initiation times are then obtained because this parameter is mainly governed, 
in the engineering method, by the number of “high stress amplitude” cycles which is higher with these approaches. 
This comment is confirmed by the result of the SRC which gives a significantly higher crack initiation time 
because it identifies very few “high stress amplitude” cycles. Note that it is also clear that the vey numerous “low 
stress amplitude” cycles generate no damage in the engineering method. In the same way, the RC gives an 
intermediate result, closer nevertheless to the ones of the LCC and PC methods. Indeed, this approach identifies: 
x More “low stress amplitude” cycles but they create no damage, 
x Less “high stress amplitude” cycles and that is why one obtains a higher crack initiation time, 
x Some stress amplitude cycles close to 250 MPa, like LCC and PC methods, and contrary to SRC one, and that is 
why the final result is closer to the crack initiation times of the LCC and PC methods. 
Finally, if one excludes SRC, it can be concluded that the cycle counting methods may impact the crack initiation 
time results of about 40%, which is significant. Now, as already reported, some other specifications of the 
engineering method will remain, for the moment, open questions for future actions: 
x Temperature chosen for the material properties, 
x Plasticity correction factor of the computed elastic strains, 
x Load history effect and cumulative damage law. 
5. Material criterion 
The final step of the engineering method is to use a relevant design curve to position the structural response with 
regard to a fatigue resistance criterion. This point has been already discussed in Reference [3] and is closely linked 
to the objectives of nuclear fatigue design [5]. The philosophy is here to prevent crack initiation, without explicit 
safety margins, initiation being defined as the occurrence of macroscopic cracks of dimensions small enough so as 
not to jeopardize the resistance of the component with respect to the other types of damages (fast fracture for 
instance). 
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Consequently, the quantitative assessment of the critical damage depends on the thickness of the zone. For large 
components, typically with a thickness greater than 30 mm, the objective could be to prevent a 3 mm depth 
macroscopic fatigue crack initiation, providing margins against through thickness cracks likely to lead to leaks. 
Now, for components whose thickness is lower, a crack depth corresponding to 10% of the thickness could be the 
definition of the crack initiation to avoid. 
Note that the 3 mm depth fatigue crack initiation is in agreement with the common practice to consider numbers 
of cycles to rupture of standard fatigue tests on approximately 8 mm diameter laboratory specimens to plot fatigue 
curves. Now the situation is not so simple if one chooses to define crack initiation as a smaller crack. This requires 
to deeply study the respective parts of micro-initiation, micro-propagation and macro-propagation in standard 
fatigue tests. 
To complete this general comment, let us remind that the thickness of the FATHER mock-up is approximately 
7 mm in the branches and that the greater crack identified by the metallographic expertise is about 1 mm depth (14% 
of the thickness). 
Now, about fatigue design curves, the engineering method currently recommends to use:  
x Former ASME A curve [7] for the zones characterized by a good surface finish and weak mean stresses, 
x Former ASME C curve [7] for the zones with a poor surface finish and/or high mean stresses, 
x A reduction factor of 1.5 on the ASME C fatigue curve in case of non-flushed weld. 
The impact of this assumption is significant since Reference [3] shown that a strict application of the engineering 
method to the FATHER case, i.e. using the former ASME C curve with a 1.5 reduction factor, leads to a crack 
initiation time of 18h but, using respectively the former ASME C curve without reduction factor and the former 
ASME A curve, one obtains 169h and 209h, that is to say a crack initiation time multiplied by about 10. 
To illustrate again this point, Table 6 presents an analysis performed on the measured signal giving the lowest 
predicted crack initiation time of the FATHER case. Here no critical time dilatation and modification of the test 
sampling frequency was considered but the optimizations of the heat transfer coefficient and of the time response of 
the sensor are taken into account. The idea is to compare the current specification of the engineering method, that is 
to say the former ASME C curve, and the current ASME curve [8], which is more severe than the former ASME C 
one. In both cases, the 1.5 reduction factor is considered since it is reminded that it is the non-flushed S2 weld which 
gives the lowest predicted crack initiation time of the FATHER case. 
Table 6. Impact of the fatigue design curve on the lowest predicted crack initiation time of the FATHER case. 
Fatigue design curve Crack initiation time 
Former ASME C curve with a 1.5 reduction factor 183h 
Current ASME curve with a 1.5 reduction factor 26h 
 
The crack initiation time is divided by about 7 when using the current ASME curve. A very conservative result is 
obtained, quite similar to the one due to the use of an envelop time history temperature signal (26h vs. 18h). This 
point is so questionable if a more realistic damage assessment method is searched. 
Now, this first comment only concerns the non-flushed S2 weld location. Figures 4 and 5 illustrate the results 
obtained on the other welds and rings of the FATHER mock-up, Figure 4 for former ASME C curve and Figure 5 
for current ASME curve. To analyze these results, it is proposed here to classify the fatigue cracks observed on the 
FATHER mock-up, according to the metallographic expertise [4], into 2 categories: 
x Severe damage, with a maximal crack higher than 750μm depth. That corresponds to the welds S1 (non-flushed), 
S2 (non-flushed part) and S3 (non-flushed part) and the finely ground ring C12. 
x Middle damage, with a maximal crack depth between 350 and 600μm. That corresponds to the ground rings C15 
(roughly ground), C22 (finely ground) and C25 (roughly ground). 
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Fig. 4. Crack initiation times predicted for the various locations of the FATHER mock-up with the former ASME C curve. 
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Fig. 5. Crack initiation times predicted for the various locations of the FATHER mock-up with the current ASME curve. 
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Figure 4 shows that the use of the former ASME C curve only predicts the crack initiation in the non-flushed S2 
weld. On the contrary, on Figure 5, the use of the current ASME curve enables to identify all the locations with a 
severe damage: the S2 and S3 welds, and the C12 ring (the S1 weld has not been treated here because of a lack of 
signals). However, the locations with middle damage do not give crack initiation times lower than the 300h 
operating time of the FATHER experiment, and the C11 ring, where the metallographic expertise found no damage, 
presents a critical result very close to 300h. 
Moreover, one may notice that for some locations, it is possible that there is no temperature signal exactly at the 
damage location but on another azimuthal position, this avoiding to treat the most penalizing situation. All these 
comments illustrate the difficulty to definitely conclude on the choice of the relevant fatigue curve to finalize this 
engineering method. 
6. Conclusions 
This paper proposed to perform a more realistic application of the engineering method to identify sensitive zone 
to High Cycle Thermal Fatigue on the particular case of the FATHER experiment. The idea was to compare the 
numerical prediction results with the expertises performed on the FATHER mock-up. Some generic engineering 
issues raised by nuclear fatigue analyses have been here illustrated by the sensitivity analyses which have been 
performed. The determination of the fatigue loading and the choice of the material criterion were particularly 
discussed since they are very significant parameters in the analysis. 
Indeed, the input data of the engineering method are crucial for final damage results. The crack initiation time of 
18h strictly predicted is essentially due to a very conservative time history temperature signal. Trying to perform 
more realistic analyses on the FATHER case, with signals measured on the mock-up, requires to review a variety of 
assumptions whose impact has been analyzed in this paper. Finally, by optimizing these parameters, crack initiation 
times closer to the operating time (300h) of the FATHER experiment can be obtained. 
Concerning the material criterion, the sensitivity analyses performed with the former and current ASME curves 
have shown the difficulty to definitely conclude on the choice of the relevant fatigue curve to finalize this 
engineering method. The industrial definition of the crack initiation is particularly not simple and may require to 
deeply study the respective parts of micro-initiation, micro-propagation and macro-propagation in standard fatigue 
tests. 
Finally, on the mechanical part of the engineering method, it can be concluded that the cycle counting methods 
may have a significant impact on the crack initiation time results, but a lower one than the fatigue loading or the 
material criterion. Now, some other specifications of the engineering method will remain, for the moment, open 
questions for future actions: mainly plasticity correction factor of the computed elastic strains, and load history 
effect and cumulative damage law. 
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